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Abstract – Various microprobes have been developed in the last decade to address the 
needs of micrometrology. However, most microprobes are only employed in specialized 
measuring machines located in a few research institutes and are not widespread in the 
industry. This work aims to extend the capabilities of conventional coordinate 
measuring machines (CMMs) towards measuring microgeometries through the low-cost 
integration of a tactile microprobe. In order to demonstrate this, a gear measuring 
instrument (GMI), which is a commercial CMM not specialized for measurements at the 
microscale, has been equipped with a recently developed silicon-membrane-based 
microprobe. In the first part of this work, the working principle of the microprobe, its 
assembly and its integration into the GMI are described. Two different mounting setups 
of the microprobe onto the GMI were evaluated and tested. Measurements on the GMI 
were performed solely with the microprobe or by combining the microprobe and the 
measurement system already present on the GMI. This combination makes it possible to 
use the microprobe advantageously and to exchange it in a comfortable semi-automatic 
way. To test these two mounting setups, a new involute scanning artifact (SAFT) with 




Keywords – 3D microprobing system; piezo-resistive effect; tactile coordinate 
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1 Introduction 
The need to measure microgeometries is increasing due to progressing miniaturization 
and the increasing degree of the integration of functions into technical systems. In the 
last decade, various tactile microprobes have been developed on the basis of different 
physical sensing principles [1,2]. These microprobes are used to determine the geometry 
of a workpiece with very small characteristics, by sensing the deflection of a probing 
element (e.g. a probing ball on a stylus) in contact with the workpiece. For 
nondestructive or pseudo noncontact probing, vibrating microprobes have been 
developed [3,4]. More recently, a capacitive vibrating microprobe was developed at TU 
Ilmenau [5] and the piezoelectric vibrating microprobe by Mitutoyo [1,6] and by the 
UK’s National Physical Laboratory (NPL) [7]. The glass fiber microprobe made by 
Werth (Werth GmbH, Germany), based on a development of the Physikalisch-
Technische Bundesanstalt (PTB), combines tactile probing with the optical evaluation 
of the probing ball deflections. An ultra-small probing stylus made from a glass fiber 
with a probing ball diameter down to 20 µm is used for 2D and 3D measurements with 
ultra-small probing forces down to 20 µN [8–10]. A similar approach has been taken at 
the US National Institute of Standards and Technology (NIST) leading to the so-called 
Fiber Deflection Probe, for measuring Ø100 µm wide and 5 mm deep holes with a 
claimed repeatability of 0.07 µm [11]. At the Swiss Federal Institute of Metrology 
(METAS), a microprobe, based on a three-parallelogram kinematic structure combined 
with inductive sensors and active actuators, provides an isotropic mechanical behavior 
with a stiffness down to 20 N·m-1 and large measuring ranges of up to ±200 µm. A 




copper flexures, assuring the movability of a stylus placed in its center and the isotropic 
mechanical behavior of the system with small stiffness (10 N·m-1). This sensor, 
available at IBS (IBS Precision Engineering, The Netherlands) provides a resolution of 
3 nm using three capacitance sensors [12–15]. Another three-legged microprobe has 
been developed at Eindhoven University of Technology (commercially available 
through XPRESS Precision Engineering B.V., The Netherlands) based on a silicon 
suspension combined with piezoresistive sensors. It provides a repeatability of 4 nm and 
probing forces down to 0.01 mN [16–18]. The silicon-membrane-based microprobe 
used in this work has been developed at the Technische Universität Braunschweig (TU 
Braunschweig) in cooperation with PTB [19–24]. Depending on the probing direction, 
this microprobe provides a resolution of 3-5 nm and a repeatability of 10-20 nm with a 
stiffness of 1-20 mN·µm-1 [19,23]. Zeiss built the F25 [25], a micro-coordinate 
measuring machine (µCMM), using the almost same type of microprobe. This 
specialized machine can enable a measurement uncertainty in sub-micrometers, but is 
no longer commercially available. The utilization of such microprobes, even when 
commercially available, is often limited to measurements on prototype measuring 
machines or on specialized and expensive µCMMs. Measurements of microgeometries, 
which require a tip diameter smaller than 300 µm or even 1 mm, are usually not 
possible on conventional CMMs. This limitation is imposed because of the difficulty of 
using such a small stylus and not because of the machine accuracy. In order to extend 
the measurement capabilities of conventional CMMs towards micro-measurements, 
efforts for the integration of silicon-membrane-based microprobes into a CMM started 
five years ago at IMT and at PTB [24,26,27]. In order to improve the performance of 
this microprobe integrated into the CMM, an optimization of the assembly and 
integration process was developed and validated in this work. The microprobe 




Klingelnberg GmbH. This machine is equipped with three linear axes and a rotatory 
table and is designed to measure gears and other axially symmetric workpieces [28]. 
The combination of a microprobe and a GMI has made possible for measuring 
geometries with a small tip diameter down to 50 µm [23,29]. In the first part of this 
work, the microprobe, its working principle, its production and its new assembly, and its 
properties are presented. In the second part, the integration into the GMI is explained, as 
well as the preparation procedure needed before measurements. A new mounting setup 
of the microprobe onto the GMI is introduced and compared to the previous one, which 
has some limitations. The last part of this paper concerns the validation of this 
integration concept using a novel involute waviness scanning artifact. 
2 Silicon-membrane-based microprobe 
 Working principle 
The microprobe is composed of a 25 µm thin silicon cross membrane, on which a stylus 
is mounted. For its integration, the silicon chip was fixed and contacted on a printed 
circuit board (PCB), which provided a stable support for the fixation and allowed 
contact with the back of the microprobe (Figure 1a). During the tactile probing, 
transversally oriented piezoresistors were utilized to determine the stylus deflections 
(Figure 1b and c). In groups of four, the piezoresistors are connected to each other to 
form a Wheatstone bridge on each membrane side, marked A, B, C and D (Figure 1b). 
These four bridges, electrically contacted via copper pads, deliver four measurement 
voltages 	, ,  , , which are linearly dependent on the deflections of the stylus 	, 
,  in the coordinate system of the microprobe 	, , . In Figure 1c, the 
mechanical deflections in the microprobe are illustrated for the main directions. The 
mechanical stresses assume maximum positive or negative values at indicated positions 




bridges A, B, C and D are deformed in the same way and deliver a signal change. 
Forces in the - and -directions lead to a tilting of the membrane. The membrane 
bridges oriented parallel to the deflecting force deliver a signal change with an opposite 
sign. The other two bridges are under torsion, which induces no signal changes [22]. 
 
Figure 1 – a. Mounted microprobe on a PCB with a stylus tip with a diameter of 250 µm and back view 
of the PCB with the contacting pad grid, b. bottom of an silicon chip with a cross membrane and the 
piezoresistors, and c. sketch of the working principle of the silicon-membrane-based microprobe. 
As a consequence of this working principle [20,22,23,26,30], the four measured 
voltages can be transformed into three theoretical main axis signals 		′, 
′, ′ with 
the help of the matrix  (Eq. 1).  
	′
′′ =  ∙ 
 , ℎ	 = 	 
1 00 11 1
−1 00 −11 1 # 1 
These three main axis signals are directly proportional to the three deflections 
	, 
, , where $	, $
, $ in mm·V-1 are the respective constants of proportionality 
(Eq. 2). The conversion matrix % composed of $	, $
, $ was obtained during an initial 
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'() = C ∙ 
	′
′′ , ℎ	% = 
$	 0 00 $
 00 0 $# 	+	 ∙ ,-. 2 
The transformation matrix		contains non-diagonal elements, which is a consequence of 
the working principle. In previous characterization experiments [27], very little cross 
talk was observed and least squares fits revealed non-diagonal elements in % with 
values in the range of only 0.1 - 4.5 % of the diagonal elements. In practice, however, 
measurements on the GMI do not differ whether diagonal elements are considered or 
not and all non-diagonal elements of % can be set to zero [22–24,26]. 
 Fabrication and assembly 
The silicon chip is made from a double-side polished silicon wafer with a (100) crystal 
orientation and a thickness of 360 ± 25 µm. In a first step, the piezoresistors are diffused 
in the silicon by a double boron doping process. After passivation with a silicon dioxide 
(SiO2) layer, they are wired by aluminum tracks through vias structured in the SiO2 
layer. To protect the wiring, a silicon nitride (Si3N4) layer is employed. Then 20 µm 
thick soldering Cu pads are deposited by galvanization on the tracks for further external 
contacting (Figure 2, Step 1). In a second step, a double layer of SiO2 and Si3N4 is 
employed as a hard mask during the wet etching of the silicon in a 40 % potassium 
hydroxide (KOH) solution at a temperature of 80 °C to realize the thin membrane. The 
membrane thickness is controlled by knowing the etching rate over the processing time. 
The cross form of the membrane is obtained by a DRIE etch process [23,26] (Figure 2, 
Step 2). After the wafer-level processing of the silicon membrane, the chips are 
separated by wafer dicing. Each silicon membrane is then flip-chip mounted by being 
soldered onto a PCB which leads to a robust and compact probe system. With the help 
of a positioning tool and a surface mounted device (SMD) stencil, a low-temperature 




membrane. Then, the chip is positioned on the PCB and heated up on a hotplate (set 
temperature 150 °C). Capped 105 µm high vias in the PCB were employed as contact 
pads in order to reduce the diameter of the PCB to 8 mm (Figure 2, Step 3). Finally, the 
stylus is mounted onto the middle of the membrane with epoxy glue (353ND, Epothek) 
[30]. Styli with ruby spheres of diameters between 300 µm and 120 µm are 
commercially available. Styli with tips down to 50 µm diameter can be produced using 
wire electro-discharge grinding (using SX200 from Sarix) as detailed in [23,29]. 
Through this process, a tungsten carbide rod is eroded in the desired form by means of 
electro-discharge with a constant feed wire. 
 
Figure 2 – Production of silicon membrane with integrated piezoresistive sensors and compact flip-chip 
mounting on a PCB. 
 Microprobe properties 
The microprobe design is the result of numerous works, which also provide details of its 
properties [20–24,26,30]. The microprobe exhibits a mechanical anisotropy with its 
stiffness in the -direction being larger than in the -plane. For deflections in the	-
direction and in the -plane, the deformation states induced in the membrane, the 
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number of reacting signals (4 vs 2), and as a consequence also the sensitivities differ. 
An extensive analysis has been performed, in which the geometries of the membrane 
and the stylus have been varied to study respective influences on the stiffness and on the 
sensitivity of the microprobe [23,26]. In Table 1, data from two microprobes (1 and 2) 
with different probing ball and styli together with data from microprobe (3) of this study 
are listed. The styli are composed of a shaft with two segments; a thick one with a 1 mm 
diameter, and a thin one with a 300 µm diameter as well as a tapered element holding 
the probing ball (Figure 1a). All three microprobes exhibit a high mechanical anisotropy 
leading to slipping of the tip when the probe deflects in an axial () direction and at the 
same time in a non-axial direction of the stylus (, ). Through this slipping, the 
measurement uncertainty increases. Smaller stylus tips lead to lower sensitivities. 
Mechanical anisotropy can be completely avoided using stacked suspensions [26] or 
using a completely different probe design based on stacked parallelogram displacement 
sensors [31]. The measuring range is limited by the deflection leading to fracturing, 
which was investigated in earlier studies on microprobes 1 and 2 [23,26]. The 
measurements of the scanning artifact (SAFT) as described below did not need an extra 
small tip diameter. A stylus with a probing ball diameter of 250 µm and a long total 
length of 7.5 mm was chosen in order to obtain a sufficient sensitivity for submicron 
resolution with maximum accessibility.  
The measurement uncertainty of a microprobe is affected by various influences, among 
them the number and the quality of the signals employed (noise), the microprobe 
sensitivities and stiffness, and the characterization of the microprobe. As the sensitivity 
in  is more than twice as high as in the -direction, the influence of signal noise is 
lower in . Furthermore, the deflections in  are determined out of four signals instead 




the present setup, which induces displacement uncertainties of up to 91 nm in the - 
and 24 nm in the -direction for the microprobe used. 
Table 1 – Properties of silicon-membrane-based microprobes of earlier works [23,26] (microprobes 1 and 
2) and this work (microprobe 3). 
Microprobe 1 2 3 
Membrane thickness in µm 43 43 25 
Probing ball diameter in µm 300 50 250 
Transition diameter in mm 250 40 180 
Total stylus length in mm 5 5 7.5 
Stiffness in /0 in mN·µm-1 1.71 0.97 0.247 
Stiffness in 1 in mN·µm-1 32.9 16.99 13.9 
Fracture deflection in 1	//0 in µm 50 / 110 10 / 40 Not available 
Sensitivity in /0 in mV·V-1·µm-1 4.33 1.20 2.63 
Sensitivity in 1 in mV·V-1·µm-1 26.5 18.6 20.0 
3 Integration of the microprobe into a GMI 
 Description of the GMI 
The GMI P40 made by Klingelnberg GmbH consists of thee linear axes (2, 3, 4, which 
define its coordinate system 56, and of a rotation axis C (in the Z-direction) realized by 
a rotatory table, on which the workpieces are placed (Figure 3a). The probing head 
(M44) of the GMI placed in the quill has a coupling system, which enables the 
automatic exchanging of the stylus. In Figure 3b, the standard measurement setup of the 
P40 with a –Z stylus is presented. Each stylus is fixed on a changing plate, which fits to 
the coupling system present on the free end of the probing head. During the tactile 
measurements, the tip of the stylus comes into contact with the workpiece, which 
induces deflections in the three directions of the probing head. These deflections 
78 , 79, 7: and the positions of the probing head ;8 , ;9 , ;: allow the geometries of the 
workpiece to be determined. The measuring accuracy of the P40 for gear measurement 





Figure 3 – a. Diagram of kinematics and main components of the GMI, P40, and b. detail and schematic 
diagram of the standard setup of the GMI with the probing head M44 and a standard –Z-stylus. 
 Electrical and mechanical interface of the microprobe 
The microprobe was mounted onto a changing plate with a special adapter, which 
enables it to be mechanically fixed onto the GMI (onto the M44) and also allows it to 
have electrical contact. The adapter is composed of a cartridge and a holder (Figure 4). 
The microprobe on a PCB is clamped via screws in the cartridge, which is plugged into 
and screwed onto the holder. Contact springs ensure the contacting of the back-contact 
pads of the PCB. The new mounting screwing system (mounting screw and anti-rotation 
nut in Figure 4) of the cartridge offers the advantages of an easy, comfortable and robust 
microprobe exchange, without the risk of damage. Also, the orientation of the 
microprobe can be changed (0° to 90°) thanks to the rotation axe and the position 
screws. In this work, only the 90° orientation was investigated. In comparison with the 
previous version of this adapter [26,27], the external diameter was reduced from 16 mm 
to 10 mm to allow access to smaller structures, and its utilization was made more 
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Figure 4 – Novel adapter for the microprobe with a detailed view of the electrical and mechanical 
interfacing of the microprobe. 
 Installation setups of the microprobe 
The microprobe, mounted in its adapter, was installed in series onto the probing head 
(M44) via a changing plate just like one of the conventional styli. Two installation 
setups were investigated. In the first one, denoted by MC, the microprobe was attached 
to the probing head, so that both measuring systems were employed (Figure 5a). In the 
second one, denoted by MA, the probing head was clamped with the help of a ring to 
mechanically deactivate the P40 measuring system (Figure 5b). Depending on the 
orientation of the microprobe, the measured deflections had to be rotated to match the 
GMI coordinate system 56 (Eq. 3 and Figure 5). For the 90° orientation (Figure 4), the 
rotation matrix  from 	, ,  to 562, 3, 4 is equal to the identity matrix <=. 
&89:'(>? = R ∙ &
	
'() 3 
In MC setup, the microprobe and the M44 were used simultaneously, and for the 




































film helped with transmitting the voltages of the microprobe , ,  ,  (Figure 5a). 
For this setup case, the sum of the deflections of the microprobe 8 , 9, : and of the 
probing head 78 , 79, 7: was considered during the measurements. In the following, 
this deflection sum is called 7%8 , 7%9, 7%:. For the MA setup, only the deflections 8 , 9, : were considered during measurements as the movements of the M44 were 
disabled by using a clamp ring (Figure 5b), so that the microprobe could be employed 
solely in the GMI as in previous works. This last case is especially necessary for the 
characterization of the microprobe in the GMI but does not allow a fast exchange 
between the microprobe and a standard stylus. These two setups were compared to 
evaluate their influence on the measurement results, their advantages, and 
disadvantages. 
 
Figure 5 – Installation of the microprobe on the P40; a. on the free probing head of the P40 (MC setup) 




























































 Evaluation of the microprobe signals 
The four voltages , ,  ,  of the microprobe were transmitted by cables to the 
GMI. Thanks to data acquisition modules (DAQP-BRIDGE-A from Dewetron), the 
signals were pre-amplified (with a gain of 10) and pre-filtered (low pass frequency 
100 Hz), and the supply voltage for the Wheatstone bridges was delivered (supply 
voltage 5V). In the GMI, the voltages were digitalized and converted into deflections 
8 , 9, : using the matrices T, C and R (Eq. 1, Eq. 2 and Eq. 3). On an external PC, 
the signals were monitored on a LabVIEW® program, which also permits setting the 
DAQ modules and running the offset compensation of the signals on the modules. In 
Figure 6, the signal processing path is presented, with the different components, their 
functions, and associated signals. 
 
Figure 6 – Processing of the signals of the microprobe to the GMI. 
4 Characterization of the microprobe  
Before using the microprobe in the GMI, the conversion matrix % (coefficients 
$	, $
, $) has to be determined to obtain the relation between the deflections of the 
stylus 	, 
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 Determination of the conversion matrix 
The microprobe was characterized by inducing deflections in its orthogonal directions 
, ,  in contact with a small reference cube (Figure 7) [20,27]. The characterization 
was made with a cubic artifact instead of a sphere, to avoid the slipping of the tip when 
the probe deflects in the axial and at the same time in a non-axial direction of the stylus. 
The cube was aligned with the main directions of the probe, which are the main axes of 
the machine, using the scanning alignment tool of the machine within a tolerance of less 
than 1°. For the characterization, the clamp ring was employed (MA setup) to ensure 
that only the microprobe deflects. 
 
Figure 7 – a. Microprobe deflecting in the -direction on a small reference cube, and b. sketch of the 
small reference cube with the probed points P1-P5. 
During the automatic characterization, five points were probed on the cube (Figure 7b), 
one for each main axis deflection of the microprobe; ±	(P2, P4) , ± (P1, P3) and  (P5, 
probed twice). At each point, the tip was brought into contact with the cube and 
deflected step by step. Simultaneously, the M44 positions ;8 , ;9, ;: and the signals 		′, 
′, ′ were recorded. The real deflections of the microprobe 8 ,
, : were 
assimilated into the displacements of the microprobe in the CMM A8 , A
, A:, which 
were calculated out of ;8 , ;
, ;:. Through a linear regression of AB = $B ∙ 	B′, the 
conversion coefficients (slopes) between the real deflections and the signals were 





















Figure 8 – Determination of $	 by linear regression using A	 = $	 ∙ 		C ; a. evaluation of values of  A	 
and 	′ for each deflection step and b. plot of the linear characteristic between A	 and 	′. 
Each coefficient	E$	, $
, $F was determined out of the results of the two corresponding 
points (i.e. P2 and P4 for $	). In Eq. 4, the conversion matrix % with the obtained mean 
values is given. 
% = 	 7.26 0 00 7.98 00 0 0.999# ∙ 10-=	+	 ∙ ,-. 	 4 
In order to evaluate and compare the two mounting setups (MA and MC), the 
characterization was repeated during the stepwise deflection of the microprobe by 
recording the M44 positions ;8 , ;9, ;:, together with the deflections 8 , 9, : 
calculated from the microprobe signals for the MA setup (Eq. 2 and Eq. 3) and the 
calculated deflection sum 7%8 , 7%9, 7%: for the MC setup (3.3.3.). To compare the 
deflections of the microprobe tip A8 , A9, A:, calculated from ;8 , ;9, ;:, with the 
recorded ones ,7%), a linear regression was carried out. In Eq. 5 and Eq. 6, the 
results of the regression are presented for both setups. In the case of a perfect 
conversion / characterization, the matrix should be equal to the identity matrix <=. 
D in µm




































1.015 0 00 0.875 00 0 0.975# ∙ &
7%87%97%:'(>? 6 
The two setups can be considered as equivalent as their conversions are equal within an 
error lower than 5 % in all axes (lower than 1.4 % for the 2-direction). In the 2-
direction, the calculated deflections of the MA setup are 0.1 % smaller than the real 
deflections A	and 1.5 % smaller for the MC setup. In the 3- and 4-directions, the 
calculated deflections are even smaller (up to 17 % difference with the real 
deflections	A). A lower error in the 2-direction than in the 3- and 4-directions can be 
explained by the stage oscillating around a target position in the 3- and 4-directions, 
which is non-detectable in the 2-direction. The moving mass for the 2-stage is larger 
than on the other ones (see the kinematics of the GMI, Figure 3a) and acts as a low pass 
filter. For the following involute profile measurements, the poor conversions in the 3- 
and 4-directions are not relevant. During the measurement of a gear, only a deflection 
in the 2-direction occurs. The conversions could be improved through an iteration of 
this characterization. To this end and for correct 3D measurements, further 
investigations have to be undertaken. During the measurement, it was observed that the 
MC setup offers some advantages over the MA setup. The microprobe has strong 
mechanical anisotropy, which causes a source of measurement uncertainty through the 
probing of inclined surfaces [34]. The stiffness in the -direction (ca. 20 N·mm-1) is 
about 20 times larger than in the other two directions (ca. 1 N·mm-1) [26]. Also, it 
permits a limited range of deflection of about 50 µm in the -direction and ±110 µm in 




a stiffness of 0.75 N·mm-1 and a deflection range of ±1 mm. Through the combination 
of the microprobe and the M44, the anisotropy and the limited deflections of the former 
can be, in part, compensated for by the latter. For example, through a deflection in the 
-direction, it was observed that the probing head M44 deflects the most. Moreover, 
without the clamp ring, an easy and semi-automatic exchange between the microprobe 
and a standard stylus can be realized, as required for industrial use. 
 Referencing on the machine  
Before measurements can be performed, a referencing procedure is required. During 
this standard procedure on the GMI, the position of the stylus tip in the machine 
coordinates system and its diameter are determined and stored as reference data. 
Therefore, a 2 mm reference sphere with a calibrated diameter was probed. Five 
different points on the sphere were probed twice at two different positions of the sphere 
on the rotatory table (0° and 180°) in order to compensate for the rotational errors of the 
table [24]. The probing points are pre-determined depending on the stylus direction. In 
Figure 9, the setup of the referencing with the reference sphere in the case of combined 
probing systems (MC setup without clamp ring) and the probed points on the reference 
sphere for a –Z stylus are shown. 
In the case of the MC setup, the reference data can be simply re-loaded after installing 
the microprobe onto the machine. For the MA setup, referencing has to be re-run after 





Figure 9 – Referencing setup of the microprobe with the MC setup and a detail of the reference sphere, 
and b sketch of the reference sphere with the five probed points. 
5 Involute scanning artifact 
In order to test and validate the microprobe integration procedure and the new setup, a 
special gear artifact was measured. In this section, details of its design are presented. 
 Description of the artifact 
Recently, two novel SAFT artifacts were developed and produced at PTB to investigate 
the influence of scanning parameters during gear profile measurement. A sketch of one 
SAFT is shown in Figure 10. Each artifact is composed of an internal (5) and an 
external (6) involute shape, embodying the typical gear profile. The profiles of the first 
one are superimposed with a certain waviness (SAFT2w), while the second has a 
smooth surface (SAFT3g). The standards have been manufactured from a 20 mm thick 
piece of C45 steel with a diameter of 290 mm. They are endowed with a reference circle 
(2) and a reference plane (3) defining the z-axis of the workpiece coordinate system. A 
reference hole (4) indicates the position of the x-axis. A 90° segment of the involute’s 
base circle (7) with a radius rb = 20 mm is also embodied. A point on the datum face (1) 






























Figure 10 – Technical drawing of the involute waviness scanning measurement standard. 
The involute profiles have been cut with a wire electro-discharge machining process. 
An optimal surface quality of the profiles with Ra ≤ 100 nm required up to eight cutting 
steps from the rough to the superfinishing stages. The references have been machined 
by a conventional turning and grinding process, in order to obtain suitable polished 
surfaces. The artifacts are mounted onto a special base frame composed of a bottom disc 
and three supporting cylinders (Figure 11). This enables easier handling, positioning 
and centering of the parts on the rotary table of the P40. 
 
Figure 11 – Involute scanning artifact (SAFT) mounted on its holder. 




































To determine the desired profile for each involute without or with waviness, the 
following mathematic equations have been employed [35]. Figure 12 shows the 
parameters for the definition of the involute curve and superimposed waviness. 
 
Figure 12 – Scheme of an involute curve with superimposed waviness and its parameters [35].  
The involute gear profile is defined by the following equation depending on the length 
of roll [36]: 
[\ = ]^ ∙ cosbc + +e	f^ ∙ sinbc + +e	fi 7 
with: 
- ^ :  radius 
^ = j ĉk + l
k 8 
- ĉ:  base circle radius 
- l
 :  length of roll 
- bc :  position angle of the involute origin at base circle 
- +e	f:  involute angle 
+e	f = m+ [m^$$no [ ĉ̂\\ − m^$$no [ ĉ̂\	 9 
Analogously, the following equivalent equation of an involute curve with waviness can 


















profile waviness is related to the length of roll ly as this reflects the functional behavior 
of the gear. 
[\ = ] p̂ ∙ $nobc + +e	fpp̂ ∙ o+bc + +e	fpi	 10 
with the following elements: 
- p̂ :  radius with deviation 
p̂ = j ĉk + l
pk 	 11 
- +e	fp: involute angle with deviation 
+efp = m+ ]arccos ] ĉ̂pii 	 − arccos ] ĉ̂pi 12 
- l
p:  length of roll with deviation 
l
p =	 l
 +	sEmB ∙ sinE2t ∙ l
 ∙ uB − vBFFwBx.  13 
- mB :  amplitude of wave i 
- uB :  frequency of wave i  
- vB :  phase of wave i 
In Figure 12, a single waviness along the profile is shown. On the SAFT2w, three sinus 
waves were superimposed. The three chosen frequency values were in accordance with 
standard series of wavelengths (inverse of frequency) utilized in form measurement 
(Table 2) [37]. The amplitudes were chosen to get a peak-to-peak amplitude value 
< 20 µm. 
Table 2 – Parameters of waviness definitions. 
Harmonic, i 1 2 3 
Frequency, yz in mm-1 0.125  0.4  1.25  
Amplitude, {z in µm 5 3 1 





6 Measurement of the artifact 
 Measurement procedure 
Measurements of the external involute profile of the SAFT2w with the microprobe 
(Figure 13) in the MA and in the MC setup (3.3) were carried out on the GMI and 
compared. Through such measurements, the GMI provides the deviations between the 
measured profile and the nominal one (a mathematical perfect involute) over the length 
of roll. The obtained profile deviations were evaluated in two different ways over the 
length of roll ranging from 20 mm to 90 mm. First, a standard gear profile evaluation 
was carried out, where the profile slope deviation u|}, the profile form deviation u~} 
and the total profile deviation } were computed. To characterize the waviness, a 
spectral analysis Fast Fourier Transformation (FFT) was performed and the three major 
peaks (frequency, uB and amplitude, mB) were determined. Each measurement was 
repeated three times. 2048 points were recorded over the total measurement length, 
which led to a sampling pitch of 50 µm over the length of roll. 
The SAFT2w was placed and centered on the rotary table with the help of a probe 
indicator within a tolerance of ±2 µm. All measured profile deviations were determined 
with reference to the rotary table axis of the GMI and not to the z-axis of the artifact. 
Between the MA and the MC measurements, the artifact was removed from the machine 
and re-centered on the rotary table, which led to slightly different positions of the 
artifact. Moreover, the artifact’s z-axis (defined in Figure 10) could not be determined, 
because the necessary measurements on the SAFT (the circle (2), the plane (3) and the 
hole (4), in Figure 10) could not be performed with the software used. As a 
consequence, the measurements could not be related to the artifact’s z-axis. Therefore, 
additional measurements of the profile, named SMA and SMC measurements, were 
performed with the standard setup (use of only the P40 probing head with a 




with the microprobe without moving the artifact. That meant, it was possible to evaluate 
the resulting differences between the MA measurements and the MC measurements 
regardless of the position of the artifact by indirect comparisons of the SMA and the 
SMC measurements (both performed with the same standard setup). 
 
Figure 13 – Measuring the SAFT2w with the microprobe.  
 Gear evaluation 
In Figure 14a, the measured profile of the external involute is presented for the MC 
measurement with the three deviation parameters	u|}, u~}, and } of the gear 
evaluation. In Figure 14b, the profiles measured with both setups are displayed. MA and 
MC measurements slightly deviate at the beginning and at the end of the curves. For the 
SMA and the SMC measurements (Figure 14c), the same trend is observable. This can 
be directly related to the repositioning of the artifact mentioned before. To determine 
the three deviation parameters, a mean profile was determined by a best-fit method. The 
profile slope deviation 	u|} corresponds to the distance between two copies of the 
nominal profile intersecting the extrapolated mean profile line at the profile control 
diameter and at the tip circle diameter. For the evaluation of the SAFT, both diameters 
have been set at the beginning and the end of the given evaluation range. The profile 
form deviation u~} is the distance between two parallel mean profiles including the 












between two copies of the nominal profiles including the measured profile over the 
evaluation range. These definitions can be found in [38].  
In Table 3, mean values (μ) and standard deviations () of the gear parameters obtained 
from three measurements of the external involute profile are presented. The deviations 
between the MA and the MC mean values ∆μ are also given. In a similar manner, the 
results of SMA and SMC measurements are also presented. The standard deviations 
obtained in MA and MC measurements do not exceed 0.1 µm, which proves a high 
repeatability. Furthermore, the standard deviations are almost identical to the ones 
obtained from SMA and SMC measurements. The observed differences between the 
MA and the MC measurements (∆μ) are similar to the ones between the SMA and the 
SMC measurements (∆μ) within a 0.2 µm tolerance. This indirectly proves that the 
MA and MC setups deliver identical results and initial deviations are only induced by 
the artifact repositioning, which was necessary for the switching between the two 
setups. The direct comparison between the MA and the SMA measurements, as well as 
between the MC and the SMC measurements reveals similar systematic differences 
μ within a tolerance of 0.1 µm. These negative differences show that the microprobe 
delivers “smaller” values than the standard setup, and that its characterization needs to 






Figure 14 – a. MC measurement with the three deviation parameters typically used for gear evaluation 	u|}, u~}, and }, b. comparison of MA and MC measurements (obtained with the microprobe), and c. 
comparison of SMA and SMC measurements (obtained with the standard setup). 
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Table 3 – Gear evaluation results. 
Measurement with the microprobe: 
 MA measurement MC measurement Difference MA - MC 
Gear parameters μ  μ  ∆μ = μ − μ   
 u|} in µm 12.1  0.1 13.3  0.1 -1.2 
 u~} in µm 16.4  0.1 15.5  0.0 0.9 
 } in µm 24.2  0.1 23.9  0.1 0.3 
 
Measurement with the standard setup:  
 SMA measurement SMC measurement Difference SMA - SMC  
Gear parameters μ  μ   ∆μ = μ − μ 
 u|} in µm 14.0 0.0 15.4  0.1 -1.4 
 u~} in µm 19.1 0.1 18.1 0.3 1.0 
 } in µm 28.1 0.0 28.0 0.1 0.1 
 
Systematic difference between measurements with microprobe and with standard setup 
Gear parameters μ = μ − μ μ = μ − μ μ = 	 μ + μ2  
 u|} in µm -1.9  -2.1  -2.0 
 u~} in µm -2.7  -2.6  -2.7 
 } in µm -3.9  -4.1  -4.0 
 FFT evaluation 
In Figure 15, FFTs of the MA and of the MC measurements of the external involute 
profile are shown. Both results exhibit three peaks in the given evaluation range (0.05 to 





Figure 15 – FFT analysis of the measured profiles of the external involute with the numerical values of 
the frequency uB, and the amplitude mB for each observed peak for MA and MC measurement. 
The FFT results for the MA, MC, SMA, and SMC measurements are summarized in 
Table 4. The listed mean values uB̅ of the frequencies and mB of the amplitudes were 
obtained for each of the three measurements. The obtained peak positions are identical 
for all measurements and correspond well to the nominal values provided with the 
standard with less than 0.8 % deviation. The differences in peak amplitudes between the 
MA and the MC measurements (∆mB), and between the SMA and the SMC 
measurements (∆mB), are equal, which also proves the equivalence of the MA and the 
MC setups. 
Similarly to the gear evaluation, a direct comparison between the MA and the SMA 
measurements, as well as between the MC and the SMC measurements reveals a 
systematic difference mB	which again shows that the microprobe seems to deliver 
“smaller” values than the standard setup. 





































Table 4 – FFT evaluation results  
Measurement with the microprobe: 
 MA measurement MC measurement  
i uB in Hz mB in µm uB in Hz mB in µm Difference MA - MC  
 uB̅ mB uB̅  mB ∆mB = mB −	mB 
1 0.124 4.4 0.124 4.2 0.2 
2 0.401 2.3 0.401 2.3 0.0 
3 1.249 0.5 1.249 0.5 0.0 
 
Measurement with the standard setup:  
 SMA measurement SMC measurement  
i uB in Hz mB in µm uB in Hz mB in µm Difference SMA - SMC  
 uB̅ mB uB̅  mB ∆mB = mB −	mB 
1 0.124 5.1 0.124 4.9 0.2 
2 0.401 2.6 0.401 2.6 0.0 
3 1.249 0.6 1.249 0.6 0.0 
 
Systematic difference between measurements with microprobe and with standard 
setup 
i  mB = mB −	mB mB = mB −	mB mB =	 mB + mB2  
1  -0.7  -0.7 -0.7 
2  -0.4  -0.4 -0.4 
3  -0.1  -0.1 -0.1 
7 Conclusion and outlook 
In this work, the assembly, the characterization and the successful integration of a 
silicon-based microprobe in the coordinate measuring machine GMI is reported in 
detail. 
The SMD soldering or assembly of the microprobe on a PCB offers a very good fixing 
and contacting solution. The new adapter with its plugging and screwing system makes 
it easy and safe to change the microprobe. More measurement tasks are permitted with 
the two possible different orientations of the microprobe.  
The combination of the microprobe and the probing system of the GMI (MC setup) 
presents more advantages than solely using the microprobe (MA setup). The use, the 
installation of the microprobe and the exchange between the microprobe and the 




setup was tested, where the two probing systems, the microprobe and the probing head 
of the GMI, are used simultaneously. Through this combination, the anisotropic 
property and the limited deflection ranges of the microprobe can be partly compensated. 
Moreover, there is no need to re-run the referencing after each change between the 
microprobe and the standard stylus, which permits an automatic change. The evaluation 
of the combined setup and the microprobe used alone shows that both present the same 
properties. A verification measurement carried out on an involute waviness scanning 
artifact also reveals comparable results between the two setups. This equivalence, the 
advantage of a process allowing easy exchanges and the compensation of some limiting 
properties of the microprobe (anisotropy, limited deflections range), speak in favor of 
the combination of the two probing systems. Moreover, the simple characterization 
process and the standard referencing procedure of the microprobe on the machine 
enable its fast preparation. 
Future work will concentrate on the optimization of the characterization in order to 
permit correct 3D measurements. Furthermore, microprobe designs with reduced or 
even unneglectable anisotropy are currently being investigated to avoid problems with 
the sliding of the probing ball and resulting uncertainties. 
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